Cyclopropyl penams, also referred to as (2,3)-methylenepenams, are conformationally restricted analogs of penicillins. The cyclopropyl group can be at or p to the bicyclic nucleus, corresponding to the open (A) or closed (B) conformation of penicillins (1) . The I isomer, which is substantially less reactive chemically than the a isomer, possesses weak antibacterial activity (10) . This finding, together with published information on the active conformation of penicillins (1) , led to the prediction that the a isomer would be chemically and biologically active. In addition, the similarity of the orientation of the 3-carboxyl group in the at isomer to that found in cephalosporins suggested that this isomer might be resistant to penicillinases. The potential of combining the broad antibacterial spectrum of penicillins with the penicillinase resistance of cephalosporins led to the synthesis of a series of cyclopropyl penams, some of which had good antibacterial activity (C. Known P-lactam antibiotics kill bacteria by binding covalently to specific membrane proteins (penicillin-binding proteins [PBPs] ) involved in peptidoglycan biosynthesis (2, 14) . In Escherichia coli and related bacteria, essential PBPs, and thus lethal targets, are transpeptidases-transglycosylases involved in cell elongation (PBP 1, 90 kilodaltons [kDa]), shape (PBP 2, 66 kDa), and septation (PBP 3, 60 kDa) (13 (4, 9) .
The present study was undertaken to assess the effect of (2,3)-methylene penicillin conformation on intrinsic activity. Binding to PBPs of E. coli and S. aureus was examined, as was cell morphology. The intrinsic activity of (2,3)-methylene penicillins was subsequently compared with that of penicillins with similar side chains. Direct binding of two radioactively labeled (2,3)-methylene penicillin isomers to proteins of E. coli and S. aureus was also performed. Finally, the interaction with penicillin-sensitive enzymes was examined and compared with that of penicillins, using Streptomyces strain R61 DD-carboxypeptidase as a model system. The following parameters were determined in that system: 50% inhibitory concentrations (IC50) of (2, DD-Carboxypeptidase assay. DD-Carboxypeptidase was assayed with partially purified (500-fold, 15% purity) Streptomyces strain R61 DD-carboxypeptidase and [ (11) . After a 30-min incubation at 30°C, the dipeptide product, [l4C]diacetyl-L-Lys-D-Ala, was separated from the substrate by high-voltage paper electrophoresis at pH 3.5 and localized by autoradiography. The radioactivity in the paper strips corresponding to substrate and product was directly counted in Aquasol, and the percent substrateto-product conversion was calculated (5) .
Digestion of radiolabeled DD-carboxypeptidase. The R61 enzyme was incubated at 30°C for 10 min with the appropriate radiolabeled P-lactam in 10 mM potassium phosphate buffer (pH 7.0) and then denatured by 5 min of boiling. Digestions were done with trypsin, chymotrypsin, pepsin, or cyanogen bromide as previously described (6) (Ro 23-6829 ) and subjected to high-voltage paper electrophoresis at pH 3.5 (30 min at 100 V/cm) to separate release products. Mobilities of reference compounds were as follows: penicillin G, +13 cm; penicilloic acid, +0.5 cm; phenylacetylglycine, +9.5 cm. Radioactive bands were localized by autoradiography, eluted with water, lyophilized to dryness, and examined for purity by silica gel thin-layer chromatography developed with chloroform-acetic acid-methanol-acetone-water (50:10:10:20:5, by volume). The Rf values of standard compounds in this system were as follows: penicillin G, 0.75; penicilloic acid, 0.05; phenylacetylglycine, 0.60.
RESULTS
The structures of the (2,3)-methylenepenams studied and the corresponding penams are shown in Fig. 1 . Only the a isomers were studied, except for (2,3)-methylene penicillin G for which both a (Ro 23-6829) and e (Ro 22-5851) isomers were examined.
Binding to PBPs. The a isomer of most (2,3)-methylenepenams bound to the essential PBP 3 of E. coli at concentrations comparable to those of the corresponding penams (Table 1) . The ,B isomer, which is only marginally active as an antibiotic, bound poorly to PBP 3 of E. coli. Contrary to the analogous penams, (2,3)-methylenepenams did not bind to the essential PBPs lb and 2 of E. coli, the azlocillin analog bein1g an exception.
The a isomer of benzylpenicillin bound to the essential PBP 2 of S. aureus and had accordingly good antistaphylococcal activity (Table 2 ). The ,B isomer bound poorly to the essential PBP 2 and had marginal activity.
Direct protein binding with radiolabeled a and ,B isomers of (2,3)-rfiethylene benzylpenicillin in E. coli and S. aureus confirmed the PBP binding results and revealed no additional binding proteins (data not shown). PBP 5/6 of E. coli released bound benzylpenicillin as well as the two (2,3)-methylene isomers, complete (>90%) release occurring in 20 min with all three compounds.
The a isomer of (2,3)-methylene benzylpenicillin also bound selectively to PBP 3 of other enterobacteria and pseudomonads at 0.1 to 10 ,ug/ml (Table 3) . Antibacterial activity for these organisms ranged from good to marginal, reflecting probably ,B-lactamase stability or permeability or both.
Cell morphology and mactoomolecular biosynthesis. The effect of both isomers of (2,3)-methylene benzylpenicillin, on E. coli morphology was compared with that of benzylpenicillin and cephalothin. At concentrations of half their MICs, all four compounds caused E. coli cells to produce filaments (Fig. 2) . Neither isomer affected macromolecular biosynthesis, including peptidoglycan biosynthesis, at concentrations equal to the MICs (data not shown).
Interaction with DD-catboxypeptidase. The a isomers of (2,3)-methylenepenams inhibited the strain R61 enzyme with IC50s comparable to those of the corresponding penams ( Table 4 ). The 13 isomer was far less active. Interestingly, inhibition did not parallel binding to PBP 4 of E. coli despite the close similarity of the R61 enzyme to that PBP (2). The two isomers of (2,3)-methylene benzylpenicillin bound to the enzyme covalently and gave peptide patterns after partial proteolysis similar to those produced after labeling with benzylpenicillin (Fig. 3) . The bound 1 isomer was released with a t1/2 of 70 min, while the a isomer was released with a t1/2 of 13 h at 300C (Table 4) . With both compounds the major product was phenylacetylglycine (Fig. 4) , identified by comparison with an authentic sample as described in Materials and Methods. 
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The mode of interaction of (2,3)-methylenepenams with Streptomyces strain R61 DD-carboxypeptidase suggests that these compounds function as penicillins. They inhibited peptidase activity at very low concentrations, bound to the same site as penicillin (Fig. 3) , and underwent a similar C-5-C-6 cleavage during release (Fig. 4) . The half-lives of the two isomers, however, differed by an order of magnitude. The 1 isomer had a half-life almost identical to that of penicillin. The at isomer, which had an IC50 similar to that of penicillin, had a half-life more typical of a cephalosporin. 
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